Isolation of temperature-sensitive (ts) mutants was attempted from the WSN strain of influenza A virus which was grown and assayed in MDBK cells. After growth of wild-type virus in the presence of 5-fluorouracil, 15 ts mutants were selected for which the ratio of plaquing efficiency at 39.5 C to that at 33 C was 10-or less. In pairwise crosses of ts mutants, recombination and complementation were either very efficient or undetectable. It is suggested, therefore, that the viral genome consists of physically discrete units and recombination occurs as an exchange of these units. All 15 mutants have been assigned with certainty into five recombination groups. Three mutants are suspected to be double mutants. Any two complementing mutants always recombined with each other, and noncomplementing mutants did not recombine. In physiological tests, mutants showed diverse patterns of functional defects at the nonpermissive temperature. However, it was not always possible to correlate these physiological defects with the results of genetic characterization.
Genetic recombination occurs with very high efficiency with influenza A viruses (13, 24, 28, 29) . This led to the important hypothesis that the genome of influenza virus consists of several distinct subgenomic fragments and that genetic recombination occurs almost exclusively by an independent assortment of these fragments (12) . Thus far, genetic studies have not provided definitive evidence for or against the hypothesis, although it has had considerable support from biophysical and biochemical studies of viral ribonucleic acid (RNA) and nucleocapsid (2, 4-7, 14, 17, 20-22) . A promising approach for genetic analysis is the use of temperaturesensitive conditional lethal mutants (ts mutants) (9) . Two independent studies along this line with the WSN strain of influenza virus have been reported (19, 25) . Their results, however, were at variance in some important respects.
Genetic studies of influenza virus have been hampered by the occurrence of the von Magnus phenomenon, the production of incomplete virus during one-step growth after high multiplicity infection, the latter procedure being a prerequisite for quantitative analyses. The resulting reduced yield of infectious virus often obscures increase of progeny virus beyond the background virus titer. If most single-step ts mutants of ribovirus are likely to be associated with leakiness and high reversion rate (3), demonstration of clear-cut evidence of complementation and determination of recombination frequency would be particularly difficult under the circumstances of the von Magnus phenomenon. It has been reported that the von Magnus phenomenon is partly host-dependent and that MDBK cells are relatively insensitive to the effect, producing a high yield of infectious virus even after the inoculation of a large dose of the WSN strain of influenza virus (1). Therefore, MDBK cells appeared to offer a uniquely suitable host cell system for the genetic study of WSN virus. The relative homogeneity of the cell population characteristic of a continuous cell line which can be cloned, if desired, offers an additional advantage. On the other hand, the reported low efficiency of plaquing of WSN on this cell line (1) made us hesitant initially to use it for virus assay. However, we have achieved a significant increase in plaquing efficiency by careful selection of plaque assay procedures. With the improved techniques, MDBK cells were found to be at least as susceptible to WSN virus as the allantoic cavity of the chicken embryo or clone 1-5C-4 cells (27) Fluid maintenance medium after virus infection was REM containing 1.5 mg of NaHCO3 per ml and 0.2% bovine albumin (BA). The agar overlay medium was REM containing 50 ,ug of diethylaminoethyl-dextran per ml, 1.5 mg of NaHCO3 per ml, 0.2% BA, and 0.6% Ionagar 2.
Virus. The WSN strain of influenza virus which had been serially propagated in MDBK cells was also provided by P. W. Choppin. The virus was first passed twice in MDBK cells in the fluid medium at 39.5 C and then cloned by three successive isolations of plaques formed on MDBK cells incubated at 39.5 C. The resultant clone was designated as wild-type virus (ts+). Stock virus of the wild-type WSN was prepared in MDBK cells incubated at 33 C.
Plaque assay. Infectivity was determined by plaque assay on MDBK cells grown in 60-mm plastic petri dishes. The virus sample to be assayed was diluted in phosphate-buffered saline (PBS) (8) containing 0.2% BA, and 0.1 ml was inoculated. After adsorption for 30 min at 37 C, cultures received 3 ml of agar overlay medium and were placed in incubators adjusted to either 33 C or 39.5 C as minimum and maximum levels, respectively. Plaque counting was done after 3 days of incubation at 39.5 C and 4 days of incubation at 33 C. Plaques were visible without neutral red staining of cells as distinct turbid areas against the transparent background of normal cells.
Mutagenesis. MDBK cells infected with the wildtype WSN virus at a multiplicity of infection (MOI) of about 0.1 plaque-forming units (PFU) per cell were incubated at 33 C with the fluid maintenance medium, containing various concentrations of 5-fluorouracil (5-FU), ranging from 25 to 100 ,g/ml (0.2 to 0.8 mm). One group did not receive 5-FU. At 40 hr, when cultures without 5-FU showed an extensive cytopathic effect (CPE), fluids were harvested from all groups and used for mutagenized virus stocks.
Isolation of ts mutants. Screening of mutagenized virus stocks for selecting provisional ts mutants was performed by the method described by Simpson and Hirst (25) . The virus stocks were diluted appropriately to give less than 20 plaques per dish and were inoculated into series of MDBK cell cultures. They were overlaid with agar medium and incubated at 33 C for 3 days. Plaques were counted, and their borders were precisely defined, after which the cultures were transferred to a 39.5 C incubator. On the following day the plaques showing no increase in size were isolated as provisional ts mutants, suspended in PBS with 0.2% BA, and stored at -80 C.
Confirmation of their ts character and the second cloning were done by plaque assay on two groups of MDBK cell cultures, one incubated at 33 C and the other at 39.5 C. When infectivity measured at 39.5 C was less than 10% of that measured at 33 C, a plaque formed at 33 C was isolated for further passage. This procedure was repeated, and clones showing a ratio of plaquing efficiency at 39.5 C to that at 33 C (efficiency of plating [EOP] 39.5/33) of -3 log10 or less at the third passage were chosen for the preparation of ts mutant virus stocks, and a plaque formed at 33 C was isolated. A group of MDBK cells was infected with the plaque suspension diluted up to 1:5 and was incubated at 33 C in the fluid maintenance medium. When CPE became pronounced, culture fluids were harvested and stored at -80 C. Stocks containing at least 107 PFU/ml and showing EOP 39.5/33 of -3 log1o or less were considered as ts mutants and were numbered sequentially. During this screening procedure, therefore, each mutant was cloned at least three times by plaque isolation. With some clones, two or more additional plaque purifications were necessary before obtaining virus stocks of satisfactory quality.
One-step growth experiment. One-step growth experiments were performed for the purpose of physiological characterization of mutants. Monolayer cultures grown in 30-ml plastic bottles were infected at an MOI ranging from 5 to 20 PFU/cell. Adsorption was carried out at 37 C for 30 min, and cultures received prewarmed fluid maintenance medium. Cultures to be incubated at the permissive temperature (33 C) received the medium prewarmed at 37 C, whereas the nonpermissive temperature (39.5 C) group received the medium kept at 45 C. Bottles were tightly stoppered and placed either in an incubator at 33 C or completely immersed in a water bath held at 39.5 C by a Braun Thermomix thermostat control unit. At 3 hr, the medium was removed, and prewarmed anti-WSN rabbit serum diluted to 1:500 was added. The antiserum of this dilution reduced the background virus titer due to residual inoculum to less than 104 PFU/ml. Cultures were kept at the respective temperatures for 10 min and washed with prewarmed PBS with 0.2% BA three times. The prewarmed fresh medium (2 ml) was added, and incubation at the respective temperatures was resumed. At 12 and 24 hr postinfection, cultures were examined microscopically, and the approximate proportion of cells showing the CPE was recorded. Culture fluids containing scraped-off cells were harvested, subjected to three cycles of rapid freezing and thawing, and clarified by lowspeed centrifugation. These samples, representing total viral activity in the culture, were assayed for infectious virus, ribonucleoprotein (RNP) antigen, hemagglutinin (HA), and neuraminidase activity. Infectivity titration was done by plaque assay at 33 C as described above. HA titration was done at 4 C because some mutants showed an unstable hemagglutination pattern at room temperature.
RNP antigen was measured by complementfixation test against guinea pig antiserum to RNP antigen of influenza A virus, prepared by the method of Lief et al. (18) . The test was performed by the method of Lennette (16) , and antigen titer was ex-TS MUTANTS OF INFLUENZA VIRUS pressed as the highest dilution of antigen associated with less than 50% hemolysis.
Neuraminidase assay was performed with a fetuin substrate as described (15) except that incubation of the reaction mixture at 37 C was extended to overnight. One unit of neuraminidase was defined as the amount of enzyme required to liberate sufficient N-acetyl neuraminic acid to give an optical density reading of 0.1 at 549 nm. Fourfold dilution series of a given sample were mixed with fetuin. The neuraminidase activity was calculated from the dilution giving rise to an optical density of less than 0.6, where the optical density was a linear function of enzyme activity.
Mixed infection. Mixed infection for genetic analysis was performed in monolayer cultures in 30-ml plastic bottles, as described above. Cultures infected singly with each of the parent viruses were always included. The MOI of a given mutant virus was the same for both single and mixed infection and was in the range of 2 to 9 PFU/cell. Cultures in duplicate were infected with the same inoculum. One bottle was incubated at 39.5 C and the other at 33 C. At 10 hr after infection, unless otherwise stated, the virus was harvested as described above. Virus titration was done by plaque assay at 33 and at 39.5 C. Recombination frequency was calculated by the following formula (19) 25 and 40%. This was not due to the inhomogeneity of population with respect to growth capability at 39.5 C, because all plaques formed at 33 C showed a significant increase in size after shifting of cultures to 39.5 C, and the incubation at 33 C for the first 18 hr, during which no visible plaque appeared, and subsequent transfer to 39.5 C resulted in EOP 39.5/33 of 100%. The slightly lower EOP at 39.5 C was probably a consequence of reduced viral stability at 39.5 C, particularly at the beginning of plaque development. With the wild-type WSN, plaque number reached a plateau in 2 days at 39.5 C and in 3 days at 33 C. But because most ts mutants grew more slowly than the wild-type WSN even at the permissive temperature, final plaque counting was done after 3 days and 4 days of incubation at 39.5 and 33 C, respectively.
From 4,789 plaques of WSN virus mutagenized with 5-FU of concentrations between 25 and 100 ,g/ml, 15 mutants were obtained. The frequency of isolation of mutants from mutagenized virus stocks did not necessarily correlate with the concentration of 5-FU employed. There was no stable ts mutant among 1,370 plaques of untreated wild-type WSN. Table 1 shows the infectivity titer of 15 mutants assayed at permissive and nonpermissive temperatures. Only large and distinct plaques formed at 39.5 C, resembling those of wild-type virus, were counted. EOP 39.5/33 listed in Table 1 , therefore, is thought to reflect the reversion frequency. At the nonpermissive temperature, in addition to the above plaques, some mutants produced extremely small and faint plaques that could hardly be counted. The number of these microplaques varied from experiment to experiment and were greatly influenced by minor changes in incubation temperature. The extent of appearance of these plaques correlated with the virus production at the nonpermissive temperature in one- XVOL. 10, 1972 step growth to be discussed below. majority of virus produced at the non temperature still retained ts character production was due to the leakiness ( ticular mutant. Therefore, those mi produced at the nonpermissive te were probably also due to the leakin PFU titration was less accurate at 3 at 33 C, because of demonstrated top temperature differences within the and minor temperature fluctuations. I titration of the same virus sample at fluctuation of PFU titer over a twofold range was not uncommon.
Growth of ts+ virus and ts mutants shows one-step growth curves of wild-i ts-3, and ts-8 at permissive and non temperatures. Growth of wild-type ceeds 1 to 2 hr earlier at 39.5 C thai There was no recognizable increase in virus of ts-8, whereas ts-3 showed a definite increase in infectious virus a permissive temperature, indicating is either leaky or moderately revertinj Viral functions at permissive and not temperatures. To find temperature defects in physiological functions, de of CPE and production of RNP antigi glutinin, neuraminidase, and infecti were examined during one-step grow missive and nonpermissive temperal ure 2 shows the extent of CPE and yit products at 12 hr after infection. The hr after infection was essentially the sE for a few minor changes. With mutants ts-7, the yield of infectious virus at 39.5 than 0.1% of that at 33 C. ts-7 was leu 1), and the difference was only 1OC pression of other viral functions diffei from one mutant to the other. Wh Since the some mutants (for example, ts-3, ts-6, ts-9, ts-11, ipermissive ts-13, and ts-14), it was evident which step(s)
, the virus was prevented from expression under the nonof the par-permissive condition, some mutants (e.g., ts-1, icroplaques ts-4, ts-5, and ts-10) exhibited subnormal eximperature pression of function(s) at 39.5 C, thus making iess.
it difficult to decide whether or not the particular 9.5 C than function is truly defective. However, if it is iographical arbitrarily decided that the reduction of a funcincubator tional value obtained at 33 C by less than 75% In repeated at 39.5 C signifies preservation of normal genetic 39.5 C, a function, then the results presented in Fig. 2 can -to three-be simplified as illustrated in Table 2 . Mutants were classified in five groups. Those belonging Figure 1 to group A failed to manifest any activity when type WSN, examined at 39.5 C. Group E mutants exhibited Lpermissive all activities except for the production of infecvirus pro-tious virus. Mutants of groups B, C, and D were n at 33 C. intermediate. Included in Fig. 2 are data on the infectious behavior of two stocks (a and b) of ts-2, derived small but from different clones of the same parent. Stock t the non-a has been listed as group B in X 100= <3.6 X 10-6%.
Complementation level:
1.5 X 103-(2.7 X 10' + 9.0 X 102 + 2.1 X 102) tional reason might be that because virus replication proceeds faster in cells infected with two or more virions than in those infected with a single virion, the yield from mixedly infected cells is overrepresented at 10 hr after infection, the time at which infectious virus is still increasing.
Kinetics of recombination. Virus was harvested at different time intervals after mixed infection and examined for recombination frequency. The proportion of ts+ recombinants in mixed yields increased steadily from 1 to 19% over the period of 5 to 12 hr, during which the total infectious virus multiplied more than 2,000-fold (Fig. 3) .
Classification of mutants. An attempt has been made to assign mutants to recombination groups by pairwise crosses, conducted in the same manner as illustrated in Tables 3 and 4 . The recombination frequency between 10 mutants is shown in Table 6 . Nine mutants were unambiguously classified into five recombination groups. Within a group, recombination was undetectable at the level of 0.01%, but between viruses of different groups the recombination frequency at 10 hr ranged from 0.43 to 16.8%. ts-13 did not recombine with mutants belonging to either of two different groups (groups I and III) and was thus thought to be a double mutant. Five mutants which are not included in Table   6 have been assigned similarly to recombination groups. Classification of all 15 mutants is summarized in Table 7 .
In these experiments, the presence or absence of complementation was also determined, but there was no discrepancy between complementation and recombination, i.e., any two mutants which recombined were found to complement each other (complementation level ranging from 21 to 17,900), and no two mutants which did not recombine proved to be complementary in genetic function. DISCUSSION A significant finding of this study is that recombination is either very efficient (with the frequency exceeding 0.4%) or undetectable at the level of 0.01%. The most plausible explanation for this "all or none" pattern of recombination is that (i) the genome of influenza virus consists of a number of physically discrete units or "subgenomic pieces" (12) within which the exchange of genetic materials does not occur, and (ii) genetic recombination in influenza virus represents exchange of these physically discrete units. Simpson and Hirst (25) , in their study of ts mutants of WSN influenza virus, made essentially the same observation. Crossing of different ts mutants resulted either in the emergence of "wild-type" recombinants at a frequency of 5 to 20% of the total progeny virus or recombinant yields too low to be detectable. A similar pattern, With crosses conducted more than once, the range of recombination frequency is shown. 0 = Less than 0.01%.
b Group number. c NT, Not tested. (Table 2) , that is, they did not manifest any gene expression examined. They all showed minimal degree of leakiness (Fig. 2) and were initially thought to be mutants most suitable for further characterization. Of these four "good" mutants, however, at least two (ts-13 and ts-14) were found to be double mutants. Presumably when stringent criteria are used for selection of ts mutants, a substantial proportion of them are likely to be double mutants. The above finding also validates the suggestion that any ts ribovirus mutant that fails to show significant revertant or "leak" plaques under the restrictive condition is almost certain to be a double mutant (3).
Difficulties in correlating physiological defects with mutation loci upon the genome appeared twofold. First, the pattern of gene expression in physiological characterizaion does not always agree with the results of genetic characterization. ts-1, ts-6, ts-13, and ts-14, having mutation at gene I, exhibited more or less similar physiology at the nonpermissive temperature. Group IV mutants, ts-3 and ts-11, also were similar in physiological defects not only at the nonpermissive temperature, but they shared a reduced production of neuraminidase relative to hemagglutinin at the permissive temperature. They were both very leaky (Table 1) . On the other hand, ts-I and ts-6 versus ts-8 in group I, ts-4, ts-7, and ts-10 in group II, and ts-5, ts-9, and ts-15 in group III behaved differently in gene expression at the nonpermissive temperature. Conversely, some mutants of different groups showed similar manifestations in physiological tests (e.g., ts-7, ts-8, ts-9, and ts-12). Discrepancy in physiology within a reombination group is also exemplified by the behavior of two stocks of the same mutant, ts-2a and ts-2b (Fig. 2) . It is suggested, therefore, that the functional expression of the genome is dependent not only upon the location of mutation on the genome but also on some other factors such as leakiness of the genetic defect, reversion frequency, and revertant content of the virus stock employed. Secondly, the existence of asymmetric covariation (3) of gene function is suggested by results of physiological characterization (Table 2 ). It appears to take the following order: RNP antigen synthesis, development of CPE, and production of functional neuraminidase and HA, each step seemingly constituting a prerequisite for the occurrence of the subsequent events. Of course, the existence of asymmetric covariation cannot be definitely proven, unless sufficiently large numbers of mutants are examined. If this is the case, however, the sequence of events would have to be definitely established before any attempt to correlate genetic and functional defects is made.
An interesting and positive contribution from the physiological characterization studies is the suggestion that CPE is not the necessary and direct result of virus infection per se, but rather its appearance is dependent upon the active participation of gene product(s), presumably those other than RNP antigen alone.
The present study has confirmed our previous finding that recombination frequency increases during viral replication (28) . The resemblance to recombination in bacteriophage, however, may not necessarily imply a similarity of underlying mechanism, i.e., multiple rounds of mating during replication of the viral genome (30) . Rather, rapid encapsidation of viral RNA after its synthesis (6, 26) and the emergence of recombinants as early as 5 hr (Fig. 3) suggest the contrary. Chronological increase in the recombinant proportion could be due to the gradual expansion and overlapping of two or more replicating matrices and, therefore, could be dependent upon virus-cell systems and experimental conditions employed. In fact, one of us (K. T.) has observed that the proportion of recombinants remained unchanged after mixed infection in a different system (Arch. Gesamte Virusforsch., in press).
